Achieving significant doping in GaAs/AlAs core/shell nanowires (NWs) is of considerable technological importance but remains a challenge due to the amphoteric behavior of the dopant atoms. Here we show that placing a narrow GaAs quantum well in the AlAs shell effectively getters residual carbon acceptors leading to an unintentional p-type doping. Magneto-optical studies of such a GaAs/AlAs core multi-shell NW reveal quantum confined emission. Theoretical calculations of NW electronic structure confirm quantum confinement of carriers at the core/shell interface due to the presence of ionized carbon acceptors in the 1 nm GaAs layer in the shell. Micro-photoluminescence in high magnetic field shows a clear signature of avoided crossings of the n = 0 Landau level emission line with the n = 2 Landau level TO phonon replica. The coupling is caused by the resonant hole-phonon interaction, which points to a large 2D hole density in the structure.
electronics. 4 However, to introduce carriers the control and understanding of the doping mechanisms in NWs is crucial.
Epitaxial GaAs has been investigated for more than 40 years, a field of research propelled by the discovery of the quantum Hall effect with its panoply of exotic many body ground states. 14, 15 Significant efforts have been made to obtain high mobility 2D carriers in GaAs heterostructures grown by molecular beam epitaxy (MBE). Notably, the development of remote or modulation doping, which spatially separates the carriers from the dopant atoms, was a crucial step in the discovery of the fractional quantum Hall effect. 15 The direct application of the modulation doping techniques to GaAs/AlAs NWs would seem to be a natural evolution. Today high quality GaAs/AlAs nanowires with a large aspect ratio and typical diameters of a few tens of nanometers are routinely grown by MBE using the vapour-liquid-solid (VLS) method. [16] [17] [18] [19] [20] [21] [22] [23] [24] While core multi shell NWs would seem to be ideally suited for modulation doping, in practice achieving a significant doping remains a challenge. In the VLS method, depending upon the growth plane, dopants can act as donors or acceptors 25 and the dopant incorporation can be different for axial and lateral (sidewall) growth 26 resulting in an inhomogeneous dopant distribution, or even compensation and negligible doping. 27 In NWs the use of the AlGaAs ternary alloy for the shell can lead to the segregation of the Ga and Al atoms leading to the formation of the quantum dots. 28, 29 Moreover, using AlGaAs for the shell leads to a red shift of the photoluminescence emission from the NW core, which is not understood. 30 On the other hand both experiment and theory suggest that modulation doping in core-multi-shell NWs can lead to non uniform charge distribution with an accumulation of charge at the facets or corners of the hexagonal NW which can lead to quantum confinement. 31 In this work, we show that incorporating a narrow GaAs quantum well, which can be used to accommodate dopants, in the AlAs shell of the NW can lead to significant unintentional p-type doping due to the incorporation of residual carbon acceptors. Experiment and calculations demonstrate that charge transfer at low temperature leads to quantum confinement with the formation of a high density two dimensional hole gas at the core/shell interface of the NW.
The GaAs/AlAs NWs were grown by MBE using the self-assisted VLS method, on (111)- Figure 1 : (a) typical transmission electron microscopy (TEM) image taken from the center of a GaAs/AlAs core-multi-shell NW, (b)pure zinc blende structure confirmed by the electron diffraction taken from the [011] direction, the arrow is aligned along the [111] growth direction, (c) scanning electron microscope (SEM) image of the GaAs/AlAs core-multi-shell NWs ∼ 11µm long.
oriented silicon bearing a native oxide layer. After water removal at 200 • C, the Si wafer was outgassed in a separate chamber (600 • C), before being transferred into the MBE growth chamber.
Growth was initiated by Ga condensation at pin holes in the SiO 2 layer and carried out at 640 • C and a group V/III (As 4 /Ga) ratio of 100. Uniform diameter GaAs NWs were grown with a high aspect ratio, no significant tapering and pure zinc-blende structure, as revealed by careful transmission and scanning electron microscopy ( Fig. 1(a) and (c)) and electron diffraction taken from the [011] direction ( Fig. 1(b) ). For growth of the shell (nominally AlAs 3 nm/GaAs 1 nm/ AlAs 3 nm) and 12 nm GaAs capping layer, the temperature was lowered to 520 • C. The hexagonal GaAs NW core of side length d 22 nm composes a substrate for the multilayer structure, which consists of a AlAs/GaAs/AlAs shell of a nominal thickness of 7 nm and a GaAs capping layer.
A typical µPL spectrum of a single core-multi-shell NW obtained in the absence of magnetic field at a temperature T = 1.8 K is presented in Fig. 2 (see methods section for experimental details). For comparison, we show a µPL spectrum measured on a single core-shell NW. 32 The structure of each sample is shown schematically in the inset of Fig. 2 . We stress that both samples were grown in the same MBE chamber under nominally the same growth conditions. Both NWs have a rather large core (80 nm for core-shell and 60 nm for core-multi-shell) so that in a first approximation quantum confinement can be neglected. The common feature of both emission spectra is the prominent peak at 1.507 eV with shoulders which develop into well resolved emission lines in a magnetic field. 32 This transition is related to the so called KP series of excitons bound to defect pairs with different separations in extremely high quality epitaxial GaAs. 33 The emission energy of 1.507 eV corresponds well to the strongest line in the KP series in 1.504 − 1.511 eV spectral region. 34 The PL spectrum of the core-multi-shell NW is far richer than for the core-shell NW. In addition to the KP series, a large number of emission lines are resolved already in the zero magnetic field spectrum. At higher energies but still below the band gap of bulk GaAs (E ZB g = 1.519 eV) we can distinguish the free exciton (X) at 1.515 eV and exciton bound to neutral acceptor (AX) at 1.513 eV. Below the KP series, in the energy range 1.485 − 1.493 eV we observe a number of weak features with emission energies characteristic of the free-electron carbon-acceptor A 0 e and the donor carbon-acceptor (D 0 −A 0 ) transitions. 35 This suggests that we have doped regions within the NW due to the unintentional incorporation of carbon. The shape of the spectra at low energy is characteristic for p-doped structures, as recently observed for a single GaAs NW with an axial heterojunction. 36 In particular, it was shown that the emission energy for n-type and p-type material is quite different; for p-type GaAs NWs the emission is dominated by recombination via acceptor centers, whereas for n-type NWs emission is blue shifted with respect to the GaAs band gap due to a band filling effect with increasing doping concentration. 36, 37 For the core-multi-shell NWs we observe additional emission lines at energies higher than the band gap of GaAs in the range 1.520 − 1.528 eV. This emission energy is typical for a GaAs quantum well (QW) of width 15 − 20 nm 38,39 suggesting a quantum confinement of the carriers in the core. To distinguish this high energy emission from the emission in other spectral regions we refer to it a "2D like" in the rest of the paper. The core-multi-shell structure incorporates a 1 nm
GaAs narrow quantum well in the AlAs shell at a distance of 3 nm from the core. No emission from this ultra thin quantum well (QW) is detected at higher energies, presumably due to the rapid thermalization (escape) of photo-created carriers. The 1 nm GaAs layer between the two AlAs layers is expected to getter impurities, notably residual carbon atoms. 40, 41 It acts as an efficient impurity trap due to the higher solubility of carbon atoms in GaAs and due to the floating of carbon atoms at the AlAs vacuum interface during the MBE growth. 40, 41 Moreover, for AlAs we expect the concentration of carbon to be quite high because Al atoms are more reactive with carbon or other impurities. 42 For example, the residual carbon incorporation in AlAs can be two orders of magnitude higher than for GaAs. 42 In our core-multi-shell NWs the carbon incorporated in the GaAs quantum well can lead to a non-uniform charge distribution with excess holes accumulated at the core/shell interface.
This hypothesis is confirmed by 3D self-consistent simulations of the NW electronic structure.
The modeling assumes spatial invariance along the NW axis and includes the nominal multi-shell material modulation over the NW cross section. The interstitial GaAs quantum well is uniformly doped with a constant density of acceptors δ A . Our results predict that a hole gas starts to accumulate at the core/shell interface for p-doping densities of the order of 2.0×10 19 cm −3 (corresponding to a linear density of 4.63 × 10 7 cm −1 in the NW). The hole gas density distribution for a NW with three selected doping densities is illustrated in the left panels of Fig. 3 . The different localization patterns are in line with previous results. 43 At low densities the hole gas is distributed near the heterojunction forming six wide channels at the center of the hexagonal facets (bottom panel). As the doping density is increased the hole gas moves closer to the heterojunction and it forms, first, a quasi-uniform sixfold bent 2DEG (middle panel), and finally, six tunnel-coupled narrow channels at the edges (top panel).
The calculated PL spectra corresponding to the same doping densities can be seen in the main panel of Fig. 3 . With increasing doping densities the exciton ground state red shifts and its intensity is substantially reduced. This can be explained as follows: The peak red shifts due to the larger attracting mean field experienced by the electron when the hole density is increased. At the same time, whereas the hole ground state is further localized near the heterojunction, the electron ground state remains in the center of the GaAs core (see two top-left insets in Fig. 3 ) due to the repulsive potential generated by the high density of acceptors. Therefore, the overlap between the ground electron and hole states becomes very small and the PL intensity of such transition is reduced. The PL spectra of the NWs with higher acceptor densities show an additional intense peak at 1.529 eV.
As illustrated in the corresponding insets in Fig. 3 , this peak originates from the recombination of an electron in the ground state and a hole in an excited, but still occupied, state with an azimuthallike nodal surface. Since this hole state is well spread over the center of the GaAs core it has a large overlap with the electron ground state leading to an intense peak in the PL spectrum. This peak is not observed at lower doping density since the excited hole state is unoccupied. Figure 4 : Evolution of the PL spectra (solid curves) of core-multi-shell GaAs/AlAs NW as function of the excitation power, at T= 1.8 K. The calculated PL spectra for different doping levels are plotted for comparison (dashed curves). The black dot-dashed lines are a guide to the eye to highlight the evolution of the position of 2D emission lines described in the text. Note that the spectra have been shifted vertically for clarity.
The concentration of photo created electron hole pairs, and thus the concentration of holes can also be tuned by varying the excitation power. A comparison between experimental results and theoretical simulation is presented in Fig. 4 , which shows plots of µPL spectra for different excitation powers. The relative intensity of the KP series of lines, below E ZB g = 1.519 eV, decreases as the excitation power increases. This is due to the saturation of these transitions when all the defect pairs have a bound exciton. In contrast, the 2D like emission intensity increases continuously with excitation power. For the highest excitation power, the spectra are dominated by emission related to the 2D hole gas. This further confirms the very different origins of each emission channel.
Theory predicts that the mechanism of the 2D recombination depends on the concentration of photo-excited carriers. Increasing the number of photo created electron-hole pairs changes the overlap between electron and ground hole states due to the modified distribution of 2D hole gas in the core. The calculated PL spectra for two different hole concentrations are shown in Fig. 4 for comparison, showing qualitative agreement with the experimental data. The transition around 1.526 eV shifts toward lower energies with increasing excitation power, while the second peak around 1.529 eV, originated from recombination of electrons with holes in excited state, remains at the same energy. Its intensity is significantly enhanced as a straightforward consequence of the increased occupation of the electron and hole sub-bands involved in the radiative recombination. The temperature dependence of the µPL spectra presented in Fig. 5 (a) provides further confirmation of the 2D character of the observed emission. In the µPL spectra at T=12 K, two relatively broad peaks are observed corresponding to the recombination of the acceptor bound exciton (AX) and the confined 2D exciton (X 2D ) at higher energies. Both shift to lower energy with increas-ing temperature at a rate which tracks the temperature dependence of the GaAs band gap (see Fig. 5 (b) ). The emission intensity of AX, observed below E ZB g , decreases much more rapidly than the intensity of the confined exciton peak indicative of a distinctly different dissociation channel for each transition. The thermal dissociation of excitons leads to a decrease in the normalized integrated emission intensity I/I 0 = 1 + αe −E/kT . 44 In order to estimate the activation energies associated with both processes, in Fig. 5 (b) we plot the integrated intensity rate ln(−1 + I 0 /I) as function of 1/T . The slope of the linear fit to the data gives the activation energies E(AX) = 3.7 meV and E(X 2D ) = 8.4 meV. The activation energy for AX coincides with the binding energy of the acceptor bound exciton in high purity GaAs 44 and is also very close to the value reported earlier for ZB GaAs NWs (4 meV). 16 The twofold higher activation energy of X 2D is expected for 2D confined excitons further confirming the localization of holes on the facets.
In Fig. 6 the color plot shows differential µPL spectra, obtained by subtracting suitably averaged spectra, in magnetic fields up to 22 T applied perpendicular to the core-multi-shell NW growth axis. The PL emission lines sharpen and greatly increase in strength in a magnetic field, which allows us to resolve many more features. On top of the color plot the symbols (white stars)
show the position of peaks manually identified for each spectra. This is useful to show weak features, particularly at low magnetic fields. At high energies we predominantly observe two lines corresponding to emission from quantum confined 2D carriers. At intermediate energies there is a series of lines previously identified with the KP series related to excitons bound to closely spaced defect pairs. 32 At low energies, as we will later show, the observed lines can be identified with the LO and TO phonon replicas of the 2D emission observed at high energies.
For all the lines, at low magnetic field, the emission energy increases quadratically due to the diamagnetic shift. At higher magnetic field the dependence becomes linear in the Landau quantization regime. The magnetic field dependence of the KP series of lines in an undoped NW was discussed in detail in a previous publication. 32 Here we focus on the lines linked to confined carrier emission. The energy of emission as a function of magnetic field can be described by the ground state of a 2D harmonic oscillator in perpendicular magnetic field, Figure 6 : Color plot showing differential µPL spectra of core-multi-shell GaAs/AlAs NW measured as function of magnetic field. The excitation power was a few nW and the temperature of the measurements was 1.7 K. The lines show the calculated evolution of the two high energy 2D emission lines together with their LO (dashed lines) and TO (solid lines) phonon replicas as described in the text. The observed avoided crossing is the result of resonant polaron coupling.
where ω 0 is the harmonic trap frequency, which controls the diamagnetic shift and ω c = eB/m * is the cyclotron frequency. Here we neglect the Zeeman splitting which is not resolved in our data. The LO and TO phonon replicas are given by E(B) −hω ph wherehω ph is the LO or TO phonon energy in GaAs withhω LO = 36.25 meV orhω T O = 33.29 meV. 45 The 2D emission lines are quite weak at low magnetic field and the lower line shows distinct evidence for an avoided crossing around 12 T which makes it difficult to fit Eq. (1) to the data. Fortunately, the phonon replicas have reasonable strength over a wide range of magnetic field allowing us to reliably extract hω 0 = 4.75 meV and m * = 0.087m e . The second term in the Taylor expansion of Eq. (1) gives the coefficient for the diamagnetic shifthe 2 /8ω 0 m * 2 50µeV/T 2 which is reasonable for a confined exciton. 46 Avoided crossings in the emission from the lowest (n = 0) Landau level have previously been observed in high density 2DEGs and are due to a resonant polaron coupling which occurs when ∆nhω c =hω LO . 47 Occupancy arguments require that in order to observe such an effect the Fermi energy should be similar to or greater than the phonon energy, which requires a high 2D carrier density ≥ 1 × 10 12 cm −2 . The avoided crossing behavior can be described using a perturbation approach where the unperturbed energies are replaced by
where E n ph is the energy of the n th phonon replica obtained from Eq.(1) with ω c /2 → (n + 1 2 )ω c and γ ph is the characteristic interaction energy for each phonon. The evolution of the emission lines, calculated using Eq.(2) and shown by the yellow lines in Fig. 6 , is in good agreement with our data, nicely reproducing the phonon replicas and the avoided crossing behavior observed in the n = 0 Landau level. Note that as m * and ω 0 were extracted from the unperturbed n = 0 phonon replica the only fitting parameters are the characteristic interaction energies (γ ph ) which we find to be equal to γ T O 4 meV and γ LO 2 meV. The avoided crossing with the n = 1 phonon replica exceeds our maximum magnetic field occurring for fields above 22 T. The observed avoided crossing occurs between the n = 0 Landau level emission and the n = 2 Landau level phonon replica. Moreover, the magnetic field position of the avoided crossing suggests that interaction with the TO phonon dominates. The interaction with the LO phonon would lead to an avoided crossing at higher magnetic field. This is further evidence for the 2D nature of the carriers involved since coupling to the TO phonon mode is absent in 3D systems. 48 In conclusion, we have carried out optical studies of the single GaAs/AlAs core-multi-shell NW in high magnetic field. We have compared the obtained results with the typical spectra collected for single GaAs/AlAs core-shell NW with comparable diameter. In the PL spectra of the core-multishell NW we have observed emission above E ZB g = 1.519 eV which is related to 2D confinement of carriers in the core. Our results are in good agreement with theoretical calculations, which predict different localization regimes for carriers as a function of doping. Moreover, in magneto-PL spectra from core-multi-shell NWs we have observed avoided crossings of emission lines. The underlying coupling is caused by the hole-phonon interaction in a 2D system with a dense gas.
This shows that the presence of 1 nm GaAs layer in the shell, which acts as an efficient impurity trap, can lead to the efficient incorporation of residual acceptors (carbon) and the formation of a dense 2D hole gas at the facets of the NW core.
The µPL system was cooled to a temperature of T=1.8 K in a cryostat placed in a resistive magnet producing magnetic fields of up to B = 22 T. The field was applied in the Faraday configuration, perpendicular to the NW 111 growth axis. The sample was illuminated by a diode laser at 660
nm. Both the exciting and collected light were transmitted through a monomode fiber coupled directly to the microscope objective. The diameter of the excitation beam on the sample was of the order of 1 µm. The emission from the sample was dispersed in a spectrometer equipped with a multichannel CCD camera. For additional µPL measurements in the absence of magnetic field, the sample was placed in helium flow cryostat with optical access. The cryostat was mounted on motorized x-y translation stages. The µPL was measured for temperatures varying from 10 to 100 K. Excitation and collection was implemented using a microscope objective with a numerical aperture NA=0.66 and magnification ×50. The diameter of the excitation spot on the sample was of the order of 1µm and the µPL spectra have been recorded using a spectrometer equipped with a multichannel CCD camera.
Structural properties of the GaAs/AlAs/GaAs/AlAs/GaAs core/shell QW nanowires
We do not have a structural characterization of the exact NW investigated in our µPL set up. We provide in this section structural characterization and direct evidence for the presence of a welldefined QW within a very similar core multi shell structure grown in the same system and under similar growth conditions and layer thicknesses. This sample was studied intensively by cross sectional HR-TEM (prepared using FIB) as demonstrate in Figure 7 . , in the in-wire momentum k z . Over the r ≡ x, y plane, the NW cross section is hexagonal, and the material and doping modulations are described in a corresponding hexagonal domain using a symmetry-compliant triangular grid. We use an isotropic electron effective mass (m z e = m r e ) but a highly anisotropic hole mass. Over the in-plane direction we use the hole mass along the [110] direction which is much larger than the hole mass that we use along the in-wire direction [111] . The ground state hole density n h (r) is obtained through a Kohn-Sham LDA procedure.
The self-consistent potential V KS (r) = V (r) +V H (r) +V XC (r) includes the effect of the spatial confinement V (r) determined by the materials band offset, the Hartree potential V H (r) generated by free holes and static acceptors, and an approximate exchange-correlation potential V XC (r). 49 In our samples, conduction band electrons are generated by the laser pumping alone, thus they are minority carriers with a low density: we solve the corresponding Schrödinger equation including the electrostatic potential generated by the self-consistent hole density and the density of static acceptors. In this way we take into account excitonic effects at a mean-field level. Further details can be found in references. 43, 50 From the conduction and valence band states, we compute the PL spectra neglecting dynamic screening effects and assuming that the photoexcited carriers relax to the lowest available state before the radiative recombination. This means that electrons recombine from the lowest-lying conduction states with holes in states lying above the Fermi level µ. The PL intensity is obtained
where
is the overlap integral between a conduction band state i and a valence band state m, f e(h) is the electron (hole) Fermi occupation function at a given temperature T, and Γ is a Lorentzian function with a phenomenological bandwidth γ that we set to 1 meV in order to reproduce the width at half maximum of the experimental peaks. We use the material-dependent parameters indicated in Table 1 , a temperature T = 1.8 K, and we assume that the 1 nm GaAs quantum well is uniformly doped with a constant density of completely ionized acceptors ρ A . The Fermi level is placed 0.4 eV above the GaAs valence band edge following experimental observations in highly p-doped GaAs. 51 
